protein S-sulfenylation is the reversible oxidative modification of cysteine thiol groups to form cysteine S-sulfenic acids. Mapping the specific sites of protein S-sulfenylation onto complex proteomes is crucial to understanding the molecular mechanisms controlling redox signaling and regulation. this protocol describes global, in situ, site-specific analysis of protein S-sulfenylation using sulfenic acid-specific chemical probes and mass spectrometry (Ms)-based proteomics. the major steps in this protocol are as follows: (i) optimization of conditions for selective labeling of cysteine S-sulfenic acids in intact cells with the commercially available dimedone-based probe, DYn-2; (ii) tagging the modified cysteines with a functionalized biotin reagent containing a cleavable linker via cu(I)-catalyzed azide-alkyne cycloaddition reaction; (iii) enrichment of the biotin-tagged tryptic peptides with streptavidin; (iv) liquid chromatography-tandem Ms (lc-Ms/Ms)-based shotgun proteomics; and (v) computational data analysis. We also outline strategies for quantitative analysis of this modification in cells responding to redox perturbations and discuss special issues pertaining to experimental design of thiol redox studies. our chemoproteomic platform should be broadly applicable to the investigation of other bio-orthogonal chemically engineered post-translational modifications. the entire analysis protocol takes ~1 week to complete.
IntroDuctIon
The oxidation of protein cysteinyl thiols to S-sulfenic acids (-SOH), also called protein S-sulfenylation, is a PTM that is important for redox regulation and signaling 1,2 . This intrinsically unstable modification can be formed either by two-electron oxidation of thiols or by hydrolysis of stable cysteine modifications 3, 4 . The products of protein S-sulfenylation are intermediates that undergo further redox reactions that yield more stable oxidation products. For example, S-sulfenylcysteines can be overoxidized to sulfinic acids (-SO 2 H) or sulfonic acids (-SO 3 H) or react with nearby cysteinyl thiols to form disulfides, all of which influence protein structure, activity, interaction and localization [5] [6] [7] [8] [9] [10] . Nonetheless, it has also been suggested that protein S-sulfenic acid redox state can be stabilized by the microenvironment on proteins [11] [12] [13] [14] . The chemistry and biology of protein S-sulfenylation has been summarized in several comprehensive reviews 4, 15 .
Identification of the specific sites of protein S-sulfenylation on a protein is crucial to understanding the molecular mechanisms of redox control. In the past, formations of cysteine S-sulfenic acids on proteins were detected indirectly, through measurement of cysteine reactivities toward hydrogen peroxide (H 2 O 2 ). Accordingly, proteomic techniques for large-scale redox profiling of cysteine oxidative modifications used indirect analyses based on differential labeling of protein thiols [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . These techniques rely on high concentrations of thiol alkylating reagents, which may react with protein S-sulfenic acids as well 26, 27 . Moreover, these analysis methods also require specific reducing reagents for distinct cysteinyl redox modifications, and there is no available reagent for protein S-sulfenylation yet. These redox proteomic techniques are therefore not suitable for proteomic profiling of protein S-sulfenylation, even though they have been successfully applied to the study of cysteine oxidation stoichiometry and distinct oxidation such as S-glutathionylation or S-nitrosylation.
Coincident with the progresses of redox proteomics is the rapid growth of reagents for direct probing and detection of distinct redox modifications. Reagents for direct labeling of S-sulfenic acid groups on proteins take advantage of their distinct chemical reactivity, which exhibits both nucleophilic and electrophilic character 4, 15, [28] [29] [30] . Cyclic 1,3-diketone carbon nucleophiles, such as 5,5-dimethyl-1,3-cyclohexadione (dimedone), have been proven to be useful for efficient and selective labeling of protein S-sulfenylation 28 . Thus, most previously reported methods for detecting S-sulfenylated proteins are built on this chemistry. For example, fluorophore-or biotin-functionalized dimedone analogs have been developed and successfully used for detecting protein S-sulfenylation in cell lysates or isolated tissues 29, 30 . However, biotinylated and fluorophore-labeled probes have two major limitations: poor cell permeability and steric encumbrance both limit access to buried sulfenic acid groups on folded proteins.
To overcome these limitations, we developed a cell-permeable alkyne-tagged dimedone analog, DYn-2, which enables in situ labeling of S-sulfenylated proteins 31 (Fig. 1a) . The DYn-2-labeled proteins can then be bio-orthogonally conjugated to a fluorophore or biotin via a Cu I -catalyzed azide-alkyne cycloaddition reaction (CuAAC or click chemistry) and visualized in living cells or gels/blots ( Fig. 1b ; see Truong and Carroll 32 for detailed experimental considerations). This probe has been proven to be useful for interrogating the roles of protein S-sulfenylation in the redox adaptation process and in growth factor signaling in living cells 31, 33 . However, proteome-wide and site-specific analysis of DYn-2-labeled protein S-sulfenylations in cells remains a major challenge. To address this challenge, we developed a highly efficient site-centric chemoproteomic platform 34 .
In this protocol, we describe the step-by-step procedures and troubleshooting guidelines for global, in situ, site-specific analysis of protein S-sulfenylation using our site-centric typically conjugated with an azido biotin reagent that contains a cleavable linker and then captured by streptavidin beads. After tryptic digestion, the modified peptides are eluted selectively and analyzed by LC-MS/MS. However, the efficiency for enriching modified peptides may be compromised, mainly by incomplete alkyne-azide conjugation under aqueous conditions, especially when tris((1-benzyl-1H-1,2,3-triazol-4-yl)methyl)amine (TBTA) is used as the reaction ligand (see Presolski et al. 51 ). In addition, potential chemical instability of some cleavable linkers could lead to substantial loss of modified protein or peptides under digestion conditions. (see Lin et al. 52 )
To address these issues and to improve the efficiency of enrichment for labeled peptides, we introduced a complementary workflow (Fig. 2b) , which is described in the PROCEDURE of this protocol. Alkyne-tagged proteins are first digested into tryptic peptides. After reaction with azidobiotin containing a photocleavable linker, modified peptides are captured with streptavidin and eluted by photolysis for LC-MS/MS analysis. With this workflow, the percentage of S-sulfenylated peptides in all identified peptides is ~20% (ref. 34 ). For comparison, in a prior proteomic analysis of S-sulfenylated peptides tagged with dimedone without affinity enrichment, only 0.2% of the final identifications were S-sulfenylated peptides 53 . This indicates that the sensitivity of our approach for detecting S-sulfenylated peptides is 100-fold higher than that of a method without enrichment. available dimedone-based probe DYn-2; (ii) tagging the modified cysteines with a functionalized biotin reagent containing a photocleavable linker via click chemistry; (iii) enrichment and photorelease of biotin-tagged tryptic peptides with streptavidin; (iv) LC-MS/MS-based shotgun proteomics; and (v) computational data analyses. For the best results, the following aspects should be considered.
Experimental design
In situ labeling of protein S-sulfenylation. The procedure described was the one optimized for analyzing S-sulfenylation targets from RKO cells, which are rapidly growing human colon carcinoma cells. An important consideration is that the input material needed for such analysis is reasonably large (2-3 × 10 8 cells), as for most PTM studies [54] [55] [56] . Thus, rapidly growing cell models can quickly afford sufficient amounts of protein for method testing. Labeling conditions such as probe concentration and incubation time should be optimized for each new cell line. In addition, to maximize the labeling efficiency, we typically release cells from culture plates and label endogenous protein S-sulfenylation in cell suspension. For this reason, the viability of released cells should be routinely monitored, the density of the cell suspension should typically be lower than 5 × 10 6 cells per ml and cells in suspension should be gently mixed periodically to avoid cell clumping before the labeling process. It is noteworthy that the final result can depend on redox characteristics of different cell types and on whether or how a stimulus is used.
Cell lysis, reduction and alkylation. To reduce the possibility of artifactual, sample preparation-related modification and to minimize sample loss, we combine cell lysis and reduction into a single step. We then alkylate all reduced free cysteine residues in the proteome with iodoacetamide (IAA) to avoid protein aggregation during digestion. Excess chemicals can be simply removed by protein precipitation.
Trypsin digestion. The complete and specific proteolytic cleavage of protein samples into peptides is crucial for the success of every site-centric PTM experiment. Thus, in this protocol, we perform double tryptic digestion to facilitate the most reproducible and complete digestions possible. However, by using other orthogonal or multiple digestion approaches [57] [58] [59] , one may obtain more comprehensive protein cleavage and further increase the site identifications.
CuAAC (click chemistry).
To date, TBTA is the most used Cu-binding ligand for CuAAC acceleration, mainly because of its commercial availability. Most of the previously described CuAAC protocols using the TBTA ligand are associated with slow kinetics in aqueous solution 60, 61 . However, it has also been suggested that the potency of this ligand can be dependent on the nature of the solvent and the ligand:Cu ratio 51 . To improve the efficiency of click derivatization of DYn-2-labeled peptides, we provide an optimized CuAAC protocol, which has three features: (i) TBTA and the other reagents are dissolved thoroughly in the reaction solvent containing ~30% (vol/vol) acetonitrile in mild acid, (ii) the volume of the reaction mixture is kept as small as possible once all the contents are dissolved, and (iii) a high catalyst concentration is used. In principle, other cleavable azido biotin reagents could also be applicable to this CuAAC protocol, except for reagents with an acid-cleavable linker. To further increase yields of the biotinylation reaction, one may also explore the use of new copper ligands with higher catalytic efficiency than TBTA.
Strong cation exchange.
As relatively high concentrations of reactants are used in our CuAAC protocol, the major challenge we faced is removal of excess click reagents, especially biotin-related chemicals, from the peptide mixture before the streptavidin capture step. We adopted strong cation exchange (SCX), which has proven to be useful for separating proteins or peptides from unreacted biotin reagents 55 . Typically, peptides from CuAAC reaction mixtures are positively charged in acidified SCX loading buffer (pH 3.0, see Reagent Setup), retained on the SCX columns, and then separated from the neutrally charged free biotins. To reduce the sample complexity for the downstream LC-MS/MS analyses, the peptides can be released by a series of buffers with varying salt concentrations. We have also found that SCX fractionation before streptavidin enrichment can markedly increase the number of S-sulfenylated peptides identified.
Streptavidin capture and enrichment. After the SCX cleanup step, we use streptavidin-Sepharose beads to capture biotinylated peptides. Of the commercially available streptavidin beads, only those with magnetic forms are not recommended, as they are not compatible with the subsequent photorelease step. After the 2-h affinity capture reaction, nonbiotinylated peptides and other nonspecifically bound substances are removed by stringent washing steps. All the solutions used for streptavidin capture and enrichment are adjusted to mildly acidic pH (pH 4.5) to minimize potential hydrolysis of the photocleavable benzoin ester 52 . Direct light exposure should also be minimized at this stage.
Photorelease.
To ensure the efficiency of the photorelease, the washed streptavidin beads should be resuspended in at least five volumes of clear buffer solution, transferred into thin-walled borosilicate glass tubes, and then irradiated with 365-nm UV light at a distance of 1-3 cm. Moreover, the photorelease should be performed with magnetic stirring to prevent precipitation of the streptavidin beads.
LC-MS/MS analysis.
To generate high-quality MS/MS data for the downstream informatics pipeline, we evaluated the capability of two individual fragmentation modes (higher-energy collision dissociation (HCD) 62 and collision-induced dissociation (CID)) for analyzing the photoreleased S-sulfenylated peptides. The HCD mode not only yields higher numbers of identified sulfenylated peptides relative to the CID mode, but also generates more abundant sequence fragment ions for modified peptide identification and site localization (Fig. 3a) . Notably, a panel of diagnostic fragment ions (DFIs) with relatively high abundance can be observed in HCD MS/MS spectra of S-sulfenylated peptides (Fig. 3a) , which can be used to virtually eliminate false-positive identifications, which have been a major problem in many proteome-wide PTM studies. Although DFIs are also present in CID spectra, their abundance is much lower (Fig. 3b) . Numbers of peptide identifications can also be increased with other practical approaches used in proteomic analyses, including increasing the peak capacity with long LC columns or gradients.
Informatics pipeline. We analyze the MS data from qualitative and quantitative S-sulfenylome analyses using the wellestablished informatics tools routinely used in our laboratory 63, 64 . Typically, .RAW data from LC-MS/MS are analyzed with the BumberDash search software suite, which incorporates the DirecTag and TagRecon algorithms 65, 66 . DirecTag is used to generate short amino acid tags for each MS/MS in the .RAW file 67 .
TagRecon is used to match the tags to candidate peptide sequences from the protein database 68 . Typically, we query the peptide sequences against a decoy protein database consisting of forward and reversed human RefSeq database for anticipated modifications. The decoy database is necessary for calculating false discovery rates (FDRs) of identified peptide sequences and for assessing the confidence of accepted peptide identifications. The resulting pepXML file from DirecTag-TagRecon search is then imported into IDPicker software for assigning each modified peptide to its corresponding protein sequence 69 . Other informatics pipelines for proteomics should be also suitable for such analysis. Moreover, to obtain more comprehensive peptide identifications, one may use multiple database search engines or pipelines. In addition, to manually validate peptide-spectrum matches (PSMs) and site localizations, we designed a decision-tree approach in our published work 34 . For investigators who are new to MS-based proteomics, we strongly recommend two streamlined protocols for manual evaluation of automated peptides identifications from proteomic tandem mass spectra 70, 71 .
Replicates. We suggest using at least two biological replicates per S-sulfenylome analysis experiment. If the sample amount permits, subject the sample to multiple replicate LC-MS/MS injections. Increasing the number of biological or technical replicates usually increases the number of identified S-sulfenylation sites.
Quantitative strategy
For quantitative determination of dynamic S-sulfenylome changes under redox perturbations, we typically use light and heavy(deuterated, d6) DYn-2 probe pairs to label cells with or without stimuli, and we measure the light-to-heavy ratio of modified peptides using MS1 filtering in a user-friendly software for quantitative proteomics, Skyline 72, 73 . The accuracy and reproducibility of this approach for quantitative S-sulfenylome analysis has been demonstrated by our previous work 34 .
Our chemoproteomic workflow should also be applicable to other quantitative proteomic pipelines using metabolic or chemical labeling strategies, such as stable isotope labeling by amino acids in cell culture (SILAC) 74 , or even label-free methods. However, it is important to stress that the use of chemical labeling strategies, such as isotope-coded affinity tags (ICATs) 75 or isobaric tags for relative and absolute quantification (iTRAQ) 76 , is likely to increase the complexity of their MS/MS spectra. For analyses in which label-free quantitative methods are used, samples from different conditions should be prepared in parallel and normalized by spike-in of at least one synthetic alkyne-modified peptide in tested samples to control for process variability.
An important consideration in quantitative PTM studies is the possible confounding effect of protein abundance changes. Our studies focused on very short-term oxidative perturbations (i.e., treatments of a few minutes) of the S-sulfenylome in cell models, which preclude significant protein abundance changes. For studies involving treatments on longer time scales (e.g., >1-2 h), it may be necessary to quantify possible changes in protein abundance and then determine their contribution to altered levels of S-sulfenylated peptides.
Limitations of our approach
Although this chemoproteomic approach has markedly expanded our ability to analyze the S-sulfenylome in cells, there are potential limitations to the approach. The first limitation comes from this chemical labeling method, which unavoidably misses some S-sulfenylated targets, owing to steric effects or other factors such as the modest reaction kinetics of the DYn-2 probe, which compromise the efficiency of the labeling reaction. Moreover, as with other large-scale PTM studies, this approach requires a relatively large amount of input protein, as well as substantial quantities of experimental materials, including labeling reagents, trypsin, SCX spin columns and so on. In addition, there are potential shortcomings for the quantitative strategy used in this protocol. For example, the use of a deuterated probe could complicate the quantitative analysis, as there are slight differences in the elution times of light-and deuterated (heavy, d6)-tagged peptide pairs, with the deuterated isotopomer typically eluting 1-2 s before the light isotopomer. Moreover, MS1-filtered chromatograms are subject to interference by remaining CuAAC-related chemicals or unknown isobaric substances. To overcome these problems, several stringency criteria were applied to ensure the high accuracy and reproducibility of quantification (see Yang et al. 34 for more information).
Adaptations of our approach
Our site-centric chemoproteomic approach should find broad applications in both chemical biology and drug discovery, although the presented protocol mainly describes its application specifically for global and site-specific identification of protein S-sulfenylation in cells. For example, one may adapt our approach to study other PTMs of interest (such as glycosylation, methylation, fatty acylation and so on) by metabolic incorporation of cells with other alkyne-tagged probes 77 . One may also use this strategy to identify specific targeting sites of covalent inhibitors modified with alkyne tags 78 . • Another important aspect to be considered is that the LC-MS/MS instrument needs to be routinely maintained and calibrated to maximize its sensitivity and accuracy.
MaterIals

REAGENTS
• 
4|
Remove the medium, wash the plates quickly three times with PBS, lift the cells in each plate with 3 ml of 0.25% (wt/vol) trypsin-EDTA and then add 5 ml of serum-free medium. Next, transfer the lifted cells into four 50-ml centrifuge tubes.  crItIcal step To avoid cell clumping, lifted cells should be transferred immediately to 50-ml tubes, and they should be gently mixed by pipetting them up and down. preparation of lysates • tIMInG 2 h 9| Add 2 ml of cold lysis buffer to the cell pellet (see Reagent Setup).  crItIcal step Typically, one volume of cell pellet is lysed by mixing it with three volumes of lysis buffer. To avoid sample preparation-related modification, we typically add DTT to the lysis buffer. If another lysis buffer system is used, it should also contain DTT or other reducing reagents.
10| Lyse the cells on ice with sonication, and then leave them on ice for 30 min.
11|
Incubate the cell lysate for 30 min at 55 °C with vortex mixing, and then cool it to RT.
12|
Carbamidomethylate the reduced cysteine residues by adding 100 µl of IAA blocking buffer (see Reagent Setup) at a final concentration of 32 mM. Incubate the sample for 20 min at RT with light protection and rotation.
13| Use a BCA assay to determine the protein concentration. If you are not working with DYn-2-d6-labeled samples, continue to
Step 15. The typical protein concentration of the cell lysate should be ~15 mg ml −1 . Dilute the lysate solution with PBS to achieve a protein concentration of 7.5 mg ml −1 .
14| (Optional) For quantitative S-sulfenylome analysis, prepare a single solution by mixing an equal amount of protein (by weight) from DYn-2-and DYn-2-d6-labeled samples.
15|
Transfer the protein sample (7.5 mg ml −1 ) to five 2.0-ml centrifuge tubes (800 µl each). Add 800 µl of cold methanol and 200 µl of chloroform to each tube to quench the alkylating reaction and to precipitate proteins (lysate:methanol:chloroform = 4:4:1, vol/vol/vol).  crItIcal step To maximize the recovery of proteins, we tested different solvent systems, including methanol, acetonitrile and the methanol/chloroform mixture. Acetonitrile generally allows most efficient protein precipitation, but the pelleted proteins are extremely difficult to resuspend. Methanol-precipitated protein can be more easily resuspended, but the precipitation is incomplete. The methanol/chloroform mixture not only allows efficient protein precipitation, but it also generates a protein pellet that can be resuspended.
16|
Pellet proteins by centrifugation at 1,700g for 20 min at 4 °C. Save the solid at the phase interface, and then wash the pellet with methanol/chloroform (1:1) twice (sonicate, and then centrifuge at 20,000g for 10 min at 4 °C).
17|
Evaporate the protein pellet briefly to near dryness at 37 °C using a thermomixer.  pause poInt The protein pellet can be stored at -80 °C for several weeks. 19| Use a BCA assay to determine the protein concentration. Dilute the protein suspension with trypsin digestion buffer (see Reagent Setup) to achieve a protein concentration of 2 mg ml −1 . Typically, the final volume of protein sample made for tryptic digestion is ~12 ml.
20|
For the first trypsin digestion, use an enzyme-to-substrate ratio of 1:50 (wt/wt) and incubate at 37 °C overnight (typically 14-16 h). For the second trypsin digestion, use an enzyme-to-substrate ratio of 1:100 (wt/wt) and incubate at 37 °C for 4 h. ? trouBlesHootInG
21|
Centrifuge the tube at 20,000g for 5 min to remove any material that did not go into solution, and save the supernatant (>10 ml). Reduce the volume of digests to ~2 ml by vacuum centrifugation.
peptide desalting • tIMInG 4-5 h 22| Use four 60-mg HLB SPE cartridges with a vacuum manifold to desalt the peptide samples.  crItIcal step The choice of cartridge size should be based on sample input amount. The maximum mass capacities and typical sample volumes for 60-mg HLB SPE cartridges are 2-10 mg and 0.2-2 ml, respectively.
23| Condition the cartridges with 2 ml of HPLC-grade acetonitrile by gravity flow.
24|
Equilibrate the cartridges with 4 ml of HPLC-grade water by gravity flow.
25|
Load the sample (~500 µl) onto each cartridge by vacuum.
26| Wash the cartridges with 2 ml of HPLC-grade water by vacuum.
27|
Elute peptides with 1 ml of HLB solvent A and 0.5 ml of HLB solvent B (see Reagent Setup) by gravity flow.
? trouBlesHootInG 28| Evaporate the eluted peptide samples to dryness by vacuum centrifugation.  crItIcal step To get a dry, fluffy peptide sample that is easily reconstituted, freeze the peptide samples at −80 °C first and then dry them (1.5-2 ml per tube) by vacuum centrifugation for ~3 h.  pause poInt Dried peptide samples are stable, and they can be stored at −20 or −80 °C for several weeks.  crItIcal step Before adding Az-UV-biotin, check the pH of the mixture using a pH indicator strip. If the last desalting step is performed properly, the pH of the reaction mixture should be typically ~6. However, if this is not the case, adjust the pH with FA or NH 4 OH. It is worth mentioning that this reaction formulation is typically used for peptide samples generated from 30 mg of input material. If different input sample materials are used and/or other click reagents are used for this reaction, the solvent type or volume, as well as ratios of these reactants, will need to be adjusted. ? trouBlesHootInG 30| Incubate the reaction mixture at RT for 2 h with rotation; protect the sample from light by wrapping it in foil.  crItIcal step Although our photocleavable linker (benzoin ester) is selectively sensitive to certain near-UV wavelengths, it is still necessary to protect it from direct light exposure, thereby avoiding photochemistry with low quantum efficiency. After 2 h, the color of the reaction mixture will turn into dark green because Cu(II) is reduced to Cu(I) by sodium ascorbate.
31|
Quench the CuAAC reaction by adding four volumes of SCX loading buffer (see Reagent Setup).  pause poInt Centrifuge the mixture at 20,000g for 5 min at RT, and use the supernatant for Step 37, or save it at −80 °C for up to several weeks.
removal of excess click reagents by scX • tIMInG 3 h 32| Use MacroSpin SCX columns with an Eppendorf 5417R centrifuge to remove excess click reagents. For a sample generated from 30 mg of starting material, we typically use 24 MacroSpin SCX spin columns (supplementary Fig. 1a) . We could typically process 24 SCX columns in two separate runs using an Eppendorf 5417R centrifuge (supplementary Fig. 1b) . A checklist for this step is provided in the supplementary Discussion. Moreover, in order to minimize the processing errors, we typically use a VIAFLO electronic multi-channel pipette to aspirate and transfer solutions or buffers used for SCX cleaning steps (supplementary Fig. 1c) .
33|
Condition the SCX spin columns with 500 µl of HPLC-grade methanol by centrifugation at 110g for 5 min at RT in several 2.0-ml Eppendorf microcentrifuge tubes.
34|
Condition the SCX spin columns with 500 µl of HPLC-grade water by centrifugation at 110g for 5 min at RT to prevent salt precipitation. Repeat this step once.
35|
Condition the SCX spin columns with 500 µl of SCX conditioning buffer (see Reagent Setup) by centrifugation at 110g for 30 s at RT, and let it stand in the tube for at least 1 h before its initial use.
36|
Remove the excess SCX conditioning buffer by centrifugation at 110g for 4 min, and equilibrate the SCX spin columns with 500 µl of SCX loading buffer (see Reagent Setup) by centrifugation at 110g for 5 min at RT. Repeat this step two more times.
37|
Load the samples by adding 150 µl of quenched click reaction mixture onto each SCX spin columns. Centrifuge the columns at 110g for 2 min at RT. ? trouBlesHootInG 38| Wash the SCX spin columns with 150 µl of SCX loading buffer by centrifugation at 110g for 2 min at RT. Repeat this step twice to wash out any trace impurities or unretained detergent.
39|
Remove the collecting tubes and blot dry any moisture on the exterior of the columns. Add 150 µl of SCX elution buffers containing different concentrations of NaCl (0.1, 0.2 and 0.4 M, see Reagent Setup), and place them in new 2-ml centrifuge tubes. Spin the mixture at 110g for 2 min at RT and save the eluted peptide samples.  crItIcal step For quantification experiments, we typically elute peptides from SCX columns only with 0.4 M SCX elution buffer in order to reduce the complexity of data analysis.
40|
Dilute the eluted liquid with streptavidin binding buffer (see Reagent Setup) by at least eightfold.  crItIcal step The relatively high concentration of acetonitrile in the SCX eluates is likely to affect the subsequent streptavidin capture and enrichment. Thus, they need to be diluted. We typically combine the same eluates from 12 SCX columns together (1.8 ml), transfer them to six 15-ml tubes, and then add 10 ml of streptavidin binding buffer to each tube.
streptavidin capture and photorelease • tIMInG 5-6 h 41| Wash 2 ml of the streptavidin slurry with PBS twice, and resuspend the streptavidin in streptavidin binding buffer (see Reagent Setup, final volume ~3 ml).
42|
Add 500 µl of prewashed streptavidin slurry to each 15-ml tube containing the SCX eluates, and then incubate the tubes for 2 h at RT with end-to-end rotation and light protection.
43|
Wash the streptavidin beads with 10 ml of streptavidin binding buffer (see Reagent Setup), and incubate the tubes for at least 15 min at RT with light protection. Repeat this step once.
44|
Wash the streptavidin beads twice with 10 ml of streptavidin washing buffer (see Reagent Setup).
45|
Wash the streptavidin beads twice with 10 ml of water.
46|
Resuspend the streptavidin beads with five volumes of photorelease buffer (see Reagent Setup).
47|
Transfer the streptavidin suspensions to several thin-walled glass tubes. Irradiate them with 365-nm UV light for 2 h with stirring.
48|
Spin down the streptavidin beads at 1,700g for 3 min using the Eppendorf centrifuge, and save the supernatant.
49|
Remove excess streptavidin beads in the supernatant by Spin-X centrifuge tube filters with 0.45-µm nylon membrane using a benchtop centrifuge.
50|
Reduce the volume of each photoreleased sample to ~100 µl by vacuum centrifugation.
Final desalting • tIMInG 3-4 h 51| Use 10-mg HLB SPE cartridges to desalt the peptide samples.
52| Condition the cartridges with 1 ml of HPLC-grade acetonitrile by gravity flow.
53| Equilibrate the cartridges with 2 ml of HPLC-grade water by gravity flow.
54|
Load the sample (~100 µl) onto the cartridges by gravity flow.
55| Wash the cartridges with 1 ml of HPLC-grade water by gravity flow. 
59|
Centrifuge the samples at 20,000g for 10 min to remove any material that did not dissolve, and then place the vials in the LC autosampler, which has been cooled to 4 °C.  crItIcal step After centrifugation, carefully aspirate the supernatant from the sample without touching the bottom of the microcentrifuge tube. 
60|
Manual inspection • tIMInG variable (dependent on the number of identifications) 64|
Manually inspect the spectra using a streamlined decision-tree approach (see Yang et al. 34 ). We typically visualize the automatically annotated MS/MS spectra with the SeeMS tool embedded in the IDPicker software. We require that the spectra matched to the identified S-sulfenylated peptides contain the major three DFIs (m/z 368. 16, 366.15 and 336.19 ; Fig. 3a) , and that they can be properly annotated. Moreover, if the identified peptides contain more than one cysteine residue, we require that at least three DYn-2-triazohexanoic acid modification-specific fragment ions appear in the corresponding spectrum for unambiguous site localization.  crItIcal step Although most of the current strategies for estimating site FDR, such as the probability-based method, are simple and effective, they are more applicable to very large-scale PTM data sets (tens of thousands of matched IDs, e.g., phosphorylation and ubiquitination sites). When the number of matches being evaluated is relatively small (hundreds of IDs), these methods become inaccurate because of the inadequate sample size. To ensure accurate site localization, we therefore perform manual evaluation of all the automatically identified MS/MS spectra, rather than automatic estimation of site FDR.
Investigators new to MS-based proteomics can also refer to several streamlined guidelines for manual evaluation of PTM identifications (see Tabb et al. 70 and Chen et al. 71 ) or expert systems for computer-assisted annotation of MS/MS spectra.  crItIcal step As mentioned in the Experimental design, the use of a deuterated probe could complicate the quantitative analysis. To ensure that the correct light/heavy peak pairs were identified, graphical displays of chromatographic traces for the top three precursor isotopic peaks were manually inspected, and those with isotopic dot product scores lower than 0.8 were rejected. Moreover, quantifiable peptides are not necessarily identified by a PSM in every replicate or run, as MS/MS spectra are obtained in data-dependent acquisition mode. When a probe-modified peptide is identified in one run but not in another, the above settings can enable accurate localization and proper integration of the corresponding peak in the run without the peptide identification.
? trouBlesHootInG Troubleshooting advice can be found in table 1. antIcIpateD results By using our protocol, we previously showed that up to 1,000 S-sulfenylated sites on over 700 proteins can be identified in RKO cells without exogenous stimuli or treatment 34 . Figure 3 shows an example for identification of Cys238 of human N-α-acetyltransferase 15 (NAA15) as a target for protein S-sulfenylation, which is demonstrated by the fully annotated HCD MS/MS spectrum with DFIs. For identified S-sulfenylated peptides containing more than one cysteine residue, at least three modification-specific fragment ions are required for unambiguous site localization. For example, S-sulfenylated sites on Cys152 or Cys156 from the same peptide sequence of GAPDH can be distinguished by the sequence fragment ions from y7 to y10 in their corresponding spectra (Fig. 4) . All the fully annotated HCD MS/MS spectra for all identified S-sulfenylated peptides from RKO cells can be obtained from our previous publication 34 . It is noteworthy to mention that the HCD MS/MS spectra of modified S-sulfenylated peptides are often more complex and noisier than those for unmodified peptides. In combination with isotopically labeled DYn-2 probe, our chemoproteomic approach enables simultaneous measurements of hundreds of dynamic protein S-sulfenylation events in cells in response to redox perturbations 34 . We observed marked changes in the S-sulfenylome in cells upon the addition of H 2 O 2 (Fig. 5a ). More importantly, for the first time, this approach allows us to see markedly different responses of multiple S-sulfenylated sites on the same protein to exogenous and endogenous redox perturbations. The example summarized in Figure 5b shows the R H:L ratios of S-sulfenylation events on nine cysteines of fatty acid synthase distributed broadly over an ~60-fold range in response to H 2 O 2 treatment. With regard to the accuracy and reproducibility of quantitative S-sulfenylome analysis, we recommend using at least two biological replicates with two or three technical LC-MS/MS runs for each. 
